Although redistribution of red blood cells at bifurcated vessels is highly dependent on flow rate, it is still challenging to quantitatively express the dependency of flow rate in plasma skimming due to nonlinear cellular interactions. We suggest a plasma skimming model that can involve the effect of fractional blood flow at each bifurcation point. For validating the new model, it is compared with in vivo data at single bifurcation points, as well as microvascular network systems. In the simulation results, the exponential decay of plasma skimming parameter, M , along fractional flow rate shows the best performance in both cases.
Red blood cells (RBCs) in microvessels are concentrated on the vessel core. Subsequently, a cell-free layer (CFL) with a few micrometer thickness is observed on the vessel wall. The CFL leads asymmetric redistribution of hematocrit at each bifurcations, called plasma skimming effect. As a continuous process of plasma skimming in microvascular networks, the average hematocrit in capillary beds is lower than the systemic hematocrit as reported in many previous studies [1] [2] [3] [4] [5] [6] [7] [8] . Interestingly, the plasma skimming is recently revisited to develop new microchannels for detecting specific DNAs, proteins and cells by efficiently separating plasma from whole blood [9] [10] [11] . Also, it has been highlighted to accurately predict drug carrier distribution in the microvasculature [12] [13] [14] [15] [16] [17] [18] . For utilizing the plasma skimming to new applications in vitro and in vivo, it is crucial to quantitatively predict the redistribution of RBCs and plasma at bifurcations. From the early 70s, several experiments for quantifying the plasma skimming were performed [2, [19] [20] [21] [22] [23] . As pioneers, Pries et al [24] measured plasma skimming regarding fractional blood flow in two different cases of in vivo mouse model. The experiments confirmed previous studies that flow fractionation at the capillary entrance is an important determinant of capillary hematocrit, not the absolute flow velocity itself [2] . Then, the plasma skimming was expressed by Logit model considering fractional flow rate and vessel diameters [25] . This model matches well with previous experimental data at single bifurcations with specific curve fitting parameters. Recently, for improving extensibility of plasma skimming model to various conditions in microvascular networks, Gould and Linninger [26] suggested a new model that can quantify the plasma skimming with a single parameter, M . Also, Lee et al. [16] introduced a generalized version of plasma skimming model for cells and drug carriers.
In this Letter, we aim to mathematically model fractional blood flow in a simple and generalized manner in order to computationally study its significance in plasma skimming, and also to accurately predict plasma skimming in the microvasculature. For this task, a recently developed plasma skimming model [26] is taken, and extended to take into account the effect of fractional blood flow. This new model is then validated with experimental data at single bifurcation level, and also at microvascular network level.
While there are other plasma skimming models [25, 27] , the model developed by Gould and Linninger [26] is considered due to its easy extensibility. The model is as follows:
where H is the hematocrit, M is the plasma skimming parameter, ζ is the hematocrit change coefficient due to plasma skimming, Q is the flow rate, A is the crosssectional area of each vessel, and subscript 0, 1, and 2 indicate the parent, and two daughter vessels, respectively. Specifically, the plasma skimming parameter M reflects the cross-sectional distribution of RBCs. Small M represents that RBCs are highly concentrated on the vessel core. In other words, plasma dominant region, or CFL, is developed on the near wall region. The two separated regions, expressed as RBCs and plasma areas, lead to strong plasma skimming. On the contrary, high M means well-mixed RBCs and plasma. As a result, the plasma skimming effect will be diminished. Although plasma skimming is a function of hemodynamic parameters, M was fixed at a constant value, M = 5.25, for the entire microvasculature [26] due to its complexity.
Here, for improving the plasma skimming model, the flow rate change from parent to daughter vessels is expressed by diameter. The exponential decay function of M weakens the plasma skimming at low Q 1 /Q 0 and vice versa. For instance, when Q 1 /Q 0 is reduced, the natural flow tendency from parent vessel to daughter vessel with larger diameter is disturbed and then well-mixed at the bifurcation point. Under such circumstance, the hematocrit change from plasma skimming is small. On the other hand, at high Q 1 /Q 0 , the natural flow with CFL from parent vessel is prolonged to daughter vessel with larger diameter, leading to hematocrit redistribution. Figure 1 depicts plots of M against fractional blood flow and schematic illustrations of RBC redistribution with computed hematocrit values with and without fractional blood flow model at single bifurcation. For this computation, hematocrit value at parent vessel is set to 49% and diameters of parent, and two daughter vessels are set to 20µm, 17.5µm, and 16.5µm, respectively. Figure 1(a) shows the plot of M over fractional blood flow when M is set as a constant [26] . Figure 1(b) and (c) show the RBC redistributions when Q 1 /Q 0 is 0.16 and 0.84, respectively. Since no relationship between the plasma skimming parameter and fractional blood flow was established in the original model, M remains as a constant. In this case, change in RBC redistribution when varying Q 1 /Q 0 , for a given parent vessel hematocrit, is negligible. Figure 1(d) represents the plot of M when Eq.(5) is applied. As shown in Fig.1(e) , the hematocrit change at Q 1 /Q 0 = 0.16 is similar to that in Fig.1(b) due to the similar M values. However, as described previously, increment in fractional blood flow produces greater plasma skimming, and hence M is reduced. When Q 1 /Q 0 is 0.84, M now becomes 0.35. As depicted in Fig.1(f) , rather significant change is observed in RBC redistribution compared with Fig.1(c) , where the difference in hematocrit between the daughter vessels becomes more significant. By considering the effect of fractional blood flow, both hemoconcentration and hemodilution in the daughter vessels are amplified. Equation (5) with corresponding constants, as stated previously, is the only equation applied to model the effect of fractional blood flow.
In order to validate the fractional blood flow model, plasma skimming at single bifurcation is computed and compared with in vivo experimental data [24] , along with the model developed by Gould and Linninger [26] . Logit model [24, 25] is not considered for single bifurcation since this model was developed based on curve fitting of the same experimental data [24] . The physiological conditions as observed in the experiment are considered, and this is summarized in Tab.I. H 0 denotes hematocrit value at parent vessel, and d 0 , d 1 , and d 2 denote diameters of parent vessel, and two daughter vessels, respectively. The same fractional model of Eq.(5) is used for both geometries. Figure. 2 depicts the ratio of hematocrit, H i /H 0 , for two geometry cases from Tab.I. The fractional blood flow model matches very well with the experimental data, particularly in Fig.2(b) . While the model developed by Gould and Linninger [26] does not sufficiently capture hemoconcentration and hemodilution, fractional blood flow model significantly amplifies them. H 1 from frac- tional blood flow model on Fig.2(b) , for instance, increases up to 1.25 showing significant hemoconcentration. Similarly, H 2 from fractional blood flow model shows very significant hemodilution down to 0.04 as Q 2 /Q 0 decreases.
To predict the plasma skimming effect at microvascular network level, the fractional blood flow model is coupled with mathematical model of blood flow. A microvascular network model is computationally generated based on mathematical algorithms by choosing vessel diameter (d i ), vessel length (l i ), and bifurcation angles (θ i and φ i ) [16, 30] . Diameters of daughter vessels at each bifurcation are governed by d γ
where γ is fixed at 3 [31, 32] . Ratio of two daughter vessels, η = d 2 /d 1 , is utilized to control the geometric asymmetry of the entire microvascular network. With the diameter ratio, η, the diameters of daughter vessels are described by
where N is a normal distribution with mean η = 0.62 and standard deviation σ = 0.1 for capturing the heterogeneous diameter distribution.
The diameter of root vessel is set to 40µm and cutoff diameter is set to 6µm. Vessel lengths are governed by l i = βd n i where β is 100 and n is 0.46. Pressure drops between the root vessel and the capillary ends are 47mmHg. Flow rates of blood flow (Q i ) is calculated by Poiseuille flow model, conservation of mass and in vivo viscosity laws [33] with the reference viscosity of plasma, fixed at 9 · 10 −6 mmHg·s [34] . To express the variation of systemic hematocrit, the initial hematocrit values have a range from 0.3 to 0.5. The plasma skimming is controlled by considering CFL thickness in the plasma skimming model as M = M (1 + 15 exp(1 − δ /0.03)) where δ is the relative CFL with respect to vessel diameter. For the validation of fractional blood flow model, two other plasma skimming models are considered for comparison: Logit model [25] and the model developed by Gould and Linninger [26] . Figure 3 depicts the computationally generated microvasculature model. Systemic hematocrit of 45% is applied as an initial boundary condition. Figure 3(a) shows the microvasculature geometry used for predicting plasma skimming at microvascular network level. Figure 3(b) and (c) are the flow velocity and pressure with respect to vessel diameters, respectively. As plotted in the figures, the mathematical model considering the effect of fractional blood flow holds good agreement with in vivo data [28, 29] . Figure 4 shows the hematocrit distribution along with vessel diameters. Three models, Logit model, Gould and Linninger's model and the fractional flow model, are compared with in vivo hematocrit scatter data [35] . All three models capture the plasma skimming in capillary beds. However, the Logit and Gould and Linninger's models require an artificial cut-off value of hematocrit due to the early hemoconcentration between 20 and 40µm vessel di- ameters. Unlike these two models, with the new model considering fractional blood flow, the plasma skimming is started when the vessel diameter is below 20µm without applying the cut-off hematocrit value. Moreover, the computed hematocrit values in the given microvascular geometry is smoothly dispersed in the range from 6 to 40µm vessel diameters.
In conclusion, for the first time, the effect of fractional blood flow on plasma skimming of RBCs in the microvasculature is mathematically designed, and quantitatively predicted. As shown from the results, fractional blood flow model accurately matches with in vivo experimental data, at both single bifurcation and microvascular network level, indicating that fractional blood flow is an important parameter that must be taken into account for studying plasma skimming. Furthermore, these results quantitatively validate previous qualitative and experimental studies that fractional blood flow greatly affects plasma skimming.
